Ultrathin layers of semiconducting molybdenum disulfide (MoS 2 ) offer significant prospects in future electronic and optoelectronic applications. Although an increasing number of experiments bring light into the electronic transport properties of these crystals, their thermoelectric properties are much less known. In particular, thermoelectricity in chemical vapor deposition grown MoS 2 , which is more practical for wafer-scale applications, still remains unexplored. Here, for the first time, we investigate these properties in grown single layer MoS 2 . Microfabricated heaters and thermometers are used to measure both electrical conductivity and thermopower. Large values of up to ∼30 mV/K at room temperature are observed, which are much larger than those observed in other two-dimensional crystals and bulk MoS 2 . The thermopower is strongly dependent on temperature and applied gate voltage with a large enhancement at the vicinity of the conduction band edge. We also show that the Seebeck coefficient follows S ∼ T 1/3 , suggesting a two-dimensional variable range hopping mechanism in the system, which is consistent with electrical transport measurements. Our results help to understand the physics behind the electrical and thermal transports in MoS 2 and the high thermopower value is of interest to future thermoelectronic research and application.
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From the application side, the direct conversion between heat and electricity in thermoelectric materials is considered to be a promising route for power generation to solve the energy shortage problem, and accordingly, the search for highly efficient thermoelectric materials has attracted much attention in material science. Recently, Buscema et al. studied the photothermoelectric properties of mechanically exfoliated MoS 2 and observed large TEP in this material, evidencing its potential application on thermopower generation and waste heat harvesting. 11 However, a systematic thermoelectric study, which is also important for understanding the charge carrier transport mechanism, is still missing. This is probably due to the fact that the mechanical exfoliation of thin flakes proved to be more complicated compared to, for example, graphene. Recently, the success of high quality growth of large area monolayer MoS 2 using chemical vapor deposition (CVD) 12, 13 provides the possibility for the realization of complex large area device concepts oriented toward applications.
Here, we report on electrical and thermopower measurements of single layer CVD MoS 2 over a wide temperature range (20−300 K) by employing microfabricated heaters and thermometers. Large TEP of 30 mV/K is observed, which is 2 orders of magnitude larger than that in pristine graphene 14, 15 and other nanoscaled materials, [16] [17] [18] [19] 21, 22 and also 1 order of magnitude larger than that of bulk MoS 2 . We further show that the gate-modulated TEP is greatly enhanced in the low carrier density region of MoS 2 and can be quantitatively related to its electrical conductance in this regime through the Mott relation.
Single layer MoS 2 is grown by CVD on a Si/SiO 2 substrate following previous studies. 23 Afterward, the MoS 2 film is transferred (see Supporting Information) onto highly doped silicon substrates with 285 nm of oxide layer which acts as a dielectric layer to tune the charge carrier density. Electrodes are fabricated using standard electron-beam lithography followed by thermal evaporation of Cr (2 nm)/Au (50 nm) in such a way that the part which is in contact with the MoS 2 consists of pure gold. XeF 2 has been used previously to etch MoS 2 , 24 and the same technique is applied in our experiment to achieve the required device geometry and to electrically decouple the sample from the heater and the remaining areas of grown MoS 2 films. A schematic layout of the device, similar to previous TEP studies on one-dimensional nanowires 16−22 and graphene, 14, 15, 25 is shown in Figure 1a . The device consists of a heater and two local thermometers (R hot and R cold ) and the inset in Figure 1b shows an optical image of the device.
It has been shown that vacuum annealing changes the doping of the MoS 2 by shifting the Fermi level toward the conduction band and also reduces the contact resistance significantly. 26, 27 We apply similar annealing steps and measure the conductance during the annealing, which gives us certain control over the final doping level of the device. After the annealing, a large shift (∼80 V) of threshold gate voltage toward negative values was observed and the resistance of the two probe measurement decreases from 1 MΩ to 50 kΩ at 60 V back gate voltage (see Supporting Information).
We obtained the source-drain characteristics of the sample at different gate voltages and temperatures by using the two thermometers as source and drain leads. Figure 1b shows the transfer curves at highest and lowest temperature (additional data in the Supporting Information). The device exhibits an on−off ratio exceeding 10 4 at room temperature and 10 6 at 5 K, the field effect mobilities are 15 cm 2 V −1 s −1 and 55 cm 2 V −1 s −1 respectively. The maximum 2-terminal conductance reaches ∼20 μS, which is comparable with previously reported results. 27, 28 A clear shift of the threshold gate voltage toward to the n-doping direction can be observed while the temperature increases from 5 to 300 K. 26, 29 At a voltage around 60 V, a crossing of the curves is observed, which is consistent with previous published results 26−28 and gives information about the transition to metallic behavior.
After the electronic characterization, TEP measurements are carried out using a low-frequency lock-in setup. An AC-current I heater with the frequency ω = 13.373 Hz is driven through the heater to create a heat gradient over the sample by Joule heating. The heating power is given by P = I heater 2 R heater , in which R heater is the resistance of the heater electrode, and the frequency of the heat gradient ΔT induced by the heating current is 2ω accordingly. The resulting 2ω TEP voltage drop, V TEP , is measured between the two thermometer electrodes (R hot and R cold ). The heat gradient ΔT across the relevant area is determined by probing the four-probe resistances of the two thermometers R hot and R cold and the TEP of the single layer CVD MoS 2 is then given by the Seebeck coefficient S = −ΔV TEP /ΔT. Figure 2 shows the back gate dependence of the TEP at different temperatures. The negative values of TEP indicate that electrons are the majority charge carriers, which is consistent with the vicinity to the conduction band. The obtained maximum value for the TEP at 280 K yields 30 mV/K, which is remarkably larger than other investigated low-dimensional materials, such as graphene (∼ ±100 μV/K), 14, 15 Bi 2 Te 3 (∼ ±200 μV/K), 17, 18 semiconducting carbon nanotubes (∼ −300 μV/K), 16 Ge−Si core−shell nanowires (∼400 μV/K), 21 and InAs nanowires (∼ −5 mV/K). 20 Note that our TEP values may be even underestimated due to the limitation of measurement setup at the high resistive off-state of the material 30 (see Supporting Information). Taking this into account, the TEP of single-layer CVD MoS 2 is comparable to the previous studies on exfoliated MoS 2 (∼ −100 mV/K). 11 Although the ZT value of MoS 2 is rather low due to the low conductance, such high TEP values are still interesting for thermoelectronics studies and its potential applications. The TEP values measured here are also significantly larger than the ones observed in bulk MoS 2 (∼7 mV/K). 31 In the bulk, the charge carrier density cannot be fully tuned by gate voltages. On the other hand, atomically thin layers can be very homogeneously gated and therefore will exhibit a more uniform potential landscapes than its bulk counterpart. This allows a precise adjustment of the Fermi level toward the variable-range hopping (VRH) regime, as discussed below, where thermopower is maximized.
In the range of back gate voltages studied, three distinct regimes (I, II, III) can be identified. When the back gate voltage is at high positive values (III), the TEP shows very small values of around 1−10 μV/K, which is comparable to the values of metallic materials. 32−34 Together with the conductance data in Figure 1b , this indicates that the system approaches the metallic regime. As the back gate voltage is reduced, the Fermi level is shifted into the bandgap and MoS 2 undergoes a transition from metallic to insulating behavior (region II). The carrier density and the conductance decreases as expected for a semiconductor. At the same time, the TEP starts to increase and finally reaches the maximum value. This is followed by a sharp decrease in TEP as the back gate voltage is swept to higher negative values (region I). This sharp decrease coincides with the "off" state in MoS 2 indicating that the TEP closely follows the conductance variations in MoS 2 .
It should also be noted that the measured TEP values includes not only the contribution from CVD MoS 2 but also from the gold electrodes deposited on the MoS 2 , leading to a TEP of S device = S MoS 2 + S electrode . However, S electrode is 3 to 4 orders of magnitude smaller compared to the one from MoS 2 , 11 and it is also expected to give a constant contribution independent of the back gate voltage. Therefore, the TEP of the device can be considered as the TEP of the single layer CVD MoS 2 .
In order to understand the gate dependence of the TEP in region II, one has to have a look at the dominating transport mechanisms of MoS 2 . The Mott formula, which relates the TEP to the electronic conductance, is given by 35
where E F , k B , and e are the Fermi energy, Boltzmann constant and electron charge, respectively. From this relationship, the absolute value of the TEP is expected to increase monotonically while the charge carrier density and the conductance G decrease. However, with an increasingly negative back gate voltage, the system will reach the insulating regime. The conductivity at this regime is almost energy independent and hardly changes with the back gate. At the same time, the amount of electrons conducting through the material goes toward zero at the insulating state. In this regime (region I), the TEP measurement is limited by the measurement setup due to high device resistance 30 and the V TEP signal decreases very quickly exhibiting unreliable values once MoS 2 goes to this "off" state.
In addition to the gate voltage dependence, we investigate the temperature dependence of the TEP. As T increases, the TEP shifts toward band gap. In Figure 3a and b, we show the conductance and TEP as a function of back gate voltage and temperature. As the temperature increases from 5 to 300 K, the same shift in conductance and TEP can be observed. In Figure  3c , cross sections of conductance and TEP at a constant temperature of T = 80 K are shown. The TEP starts to increase at the threshold back gate voltage where electrons start conducting and decreases when the conductance around 0.1 μS for all temperatures measured. The TEP peak position and threshold-voltage are compared for different temperatures in Figure 3d . The peak of TEP shifts from −10 to −56 V as the temperature increases from 20 to 300 K and follows the same trend of the threshold voltage. After comparing the TEP peak position (V PEAK ) and threshold voltage (V TH ), we find that V PEAK − V TH is almost constant. The same trend verifies that the electrical and thermal transports depend on the same mechanism, that is, electrical conduction and thermal power are dominated by electrons and not by phonon-drag effects in the thermoelectric transport.
To have a further understanding of the scattering mechanism on the electrical and thermal transport, we apply the Mott VRH model to fit the temperature dependent conductance at low charge carrier densities. 36, 37 This model describes a system, which is strongly disordered with the charge carriers hopping between localized states. The VRH relationship between conductance and temperature is given by 38 in which σ is the conductivity, d is the dimensionality of the system, and the prefactor is given by σ 0 =AT −m , with the constants m and A. In this case, d equals 2 because of the twodimensionality of the single layer CVD MoS 2 . Figure 4a shows the conductance of the device as a function of temperature at different gate voltages from 60 to −20 V. It can be fitted well by the VRH equation at different temperatures using m = 0.8, which is in good accordance to previous results on electronic transport in the high resistance regime. 29 However, although the values fit very good for low temperatures, the VRH approach does not work as well in the high temperature range (beyond 200 K) due to the fact that thermal excitation of charge carriers becoming more dominant. Because the thermoelectric properties are determined by the charge transport in the system, the TEP is expected to follow similar behavior at low temperatures. The revised TEP by incorporating the Mott formula can be written as 39,40
where T M is the temperature independent Mott coefficient and n(E) is density of states. Using d = 2, we expect S ∝ T 1/3 . In Figure 4b , the TEP values at V BG − V TH = 20 V are shown as a function of T 1/3 with the temperature range of 20−300 K. From the linear fits, the low temperature (T < 200 K) dependence agrees very well with the VRH Mott relation expected for the disordered semiconductor. The analysis in the regimes of lower resistivity yields similar results (see Supporting Information). As long as the system is dominated by VRH, the contribution from phonon-drag effect on TEP is negligible. 41, 42 This can be also seen in the close connection between the back gate voltage dependence of the TEP and the electrical conductance as mentioned earlier. These observations can be attributed to the strong localization of the charge carriers because phonon-drag only affects the nonlocalized ones. 43 When the system goes toward higher carrier densities as the back gate voltage increases, the Fermi level moves up and the localized states in the gap start getting filled up, 44 resulting in the VRH transport observed in this experiment. Furthermore, as temperature increases, thermally excited charge carriers also start to contribute to the process. This contribution increases very fast with temperature. When the Fermi level passes over the localized states and gets close to the conduction band, the contribution from thermally excited charges increases and the VRH will be suppressed as observed in our measurements. To summarize, electrical and thermal measurements of single layer CVD MoS 2 have been performed in a broad temperature range. Remarkably large TEP values, up to 30 mV/K are observed, which is attributed to the tunability and the mechanism of electronic transport of ultrathin MoS 2 and give these two-dimensional semiconductors potential for thermoelectric applications. From the great enhancement at low carrier density region and the shift with the temperature, we show that at low carrier densities, transport is dominated by the variablerange hopping. The link between TEP and conductance also indicates that TEP measurements can be used to understand both the electrical and thermal properties of this low dimensional material.
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